ABSTRACT: PTH-stimulated intracellular signaling is regulated by the cytoplasmic adaptor molecule barrestin. We reported that the response of cancellous bone to intermittent PTH is reduced in b-arrestin2 2/2 mice and suggested that b-arrestins could influence the bone mineral balance by controlling RANKL and osteoprotegerin (OPG) gene expression. Here, we study the role of b-arrestin2 on the in vitro development and activity of bone marrow (BM) osteoclasts (OCs) and Ephrins ligand (Efn), and receptor (Eph) mRNA levels in bone in response to PTH and the changes of bone microarchitecture in wildtype (WT) and barrestin2 2/2 mice in models of bone remodeling: a low calcium diet (LoCa) and ovariectomy (OVX). The number of PTH-stimulated OCs was higher in BM cultures from b-arrestin2 2/2 compared with WT, because of a higher RANKL/OPG mRNA and protein ratio, without directly influencing osteoclast activity. In vivo, high PTH levels induced by LoCa led to greater changes in TRACP5b levels in b-arrestin2 2/2 compared with WT. LoCa caused a loss of BMD and bone microarchitecture, which was most prominent in b-arrestin2 2/2 . PTH downregulated Efn and Eph genes in b-arrestin2 2/2 , but not WT. After OVX, vertebral trabecular bone volume fraction and trabecular number were lower in b-arrestin2 2/2 compared with WT. Histomorphometry showed that OC number was higher in OVX-b-arrestin2
INTRODUCTION

B
ONE REMODELING IS a process that occurs continuously throughout life to normally maintain bone structure and calcium homeostasis. Osteoclasts initiate the remodeling cycle by resorbing a portion of bone, and this is followed by new bone formation by osteoblasts. In postmenopausal women, declining estrogen and concomitantly increasing follicle-stimulating hormone (FSH) levels result in an expanded remodeling space and in a greater bone resorption than bone formation activity therein, leading to rapid bone loss.
(1) PTH and vitamin D metabolites also play important roles in the regulation of bone remodeling. PTH influences bone formation and resorption with net effects depending on the mode of administration and/or pharmacodynamic profile of the hormone analog. (2, 3) Secondary hyperparathyroidism after vitamin D insufficiency contributes to a negative bone remodeling balance with aging. (4) Hormonal effects on bone remodeling are locally mediated by a number of growth factors and cytokines. Among them, RANKL, produced by osteoblasts and T lymphocytes, binds to RANK at the surface of the osteoclast and is an indispensable factor for osteoclastogenesis and osteoclast activation. Osteoprotegerin (OPG), produced by cells of the osteoblastic lineage, acts as a decoy receptor and inhibits RANKL effects on osteoclasts. (5) Increased RANKL expression is the common determinant of increased bone turnover in both estrogen depletion (6) and high PTH. (7) (8) (9) Other mediators recently described are the ephrins (Efn), expressed at the surface of the osteoclasts, and the ephrin receptors (Eph), present on osteoblasts. The specific binding of EfnB2 to EphB4 induced osteoblast differentiation and reciprocal inhibition of osteoclast differentiation. (10) Recently, it has been shown that EphB2 expression was regulated by PTH in vitro. (11) Mediation of hormonal effects on bone turnover by local factors implies that molecular mechanisms regulating downstream signaling of hormone receptors in bone cells are also crucial to maintain the bone mineral balance. b-arrestins are adaptor/scaffold proteins that regulate intracellular signaling by G-protein-coupled receptors (GPCRs), including the PTH/PTH-related protein (PTHrP) receptor, (12) (13) (14) (15) a typical seven-transmembrane receptors (7TMRs) such as Frizzled-4, and smoothened (Smo), (16, 17) and by non-7TMRs such as IGF-1 receptor tyrosine kinase and TGFb receptors. (18) Accordingly b-arrestins are important in mediating a variety of physiological and pathophysiological processes, including cell proliferation, differentiation or survival, chemotaxis, and metastasization. (19) Moreover, the absence of b-arrestin2 enhances morphine analgesia in mice, (20, 21) whereas overexpression of b-arrestin2 produces the opposite, (22) and b-arrestin2 2/2 mice develop allergic asthma. (23) We previously reported that b-arrestin2 2/2 mice have a decreased trabecular bone response to intermittent PTH in males (i.e., in the presence of relatively low estrogen levels). (24) In contrast, in intact female b-arrestin2 2/2 mice, the trabecular bone response was maintained, whereas the cortical bone response to intermittent PTH was enhanced. (25) These findings are consistent with a sustained cAMP signaling and PTH activity observed in the absence of PTH/PTHrP receptor interaction with b-arrestins. (12, 24) Hence, lack of b-arrestins resulted in an alteration of PTHstimulated osteoblasts activity, characterized by a lower OPG/RANKL mRNA expression ratio, leading to endosteal bone resorption, (24) but also by a higher bone formation at the periosteum. (25) To further elucidate the role of barrestins on the bone remodeling process, here we directly investigate the influence of b-arrestins on osteoclastogenesis in vitro. Furthermore, we evaluated the changes of bone microarchitecture in wildtype (WT) and b-arrestin2 2/2 mice using three models of PTH-dependent and -independent bone remodeling (i.e., a low calcium diet, PTH, and ovariectomy). Of note, bone remodeling in these conditions results in somewhat differentiated effects on trabecular and cortical bone compartments, with a prominent loss of trabeculae in the absence of estrogens, (26) whereas secondary hyperparathyroidism predominantly affects cortical bone. (27) We further show that these compartment-specific effects are enhanced in the absence of b-arrestin2 and may be explained by excessive osteoclastogenesis and bone resorption, involving increased RANKL/OPG production and decreased ephrins gene expression.
MATERIALS AND METHODS
Animals and experimental procedures b-arrestin2
2/2 and wildtype (WT) mice were kindly provided by Dr. R. Lefkovitz (20) and were subsequently backcrossed for six generations onto a C57Bl/6J background. Mice had access to mouse chow (RM3; SDS) and water ad libitum, unless noted otherwise. All animal protocols were approved by the competent Ethical Committees of the University of L'Aquila (primary cell preparations), the University of Geneva School of Medicine and State of Geneva Veterinarian Office (ovariectomy and continuous PTH experiments), and the IACUC of Beth Israel Deaconess Medical Center (low calcium diet experiments).
Primary osteoclastic cell cultures
Differentiated primary osteoclasts were obtained from the bone marrow (BM) of 5-to 7-day-old b-arrestin2 2/2 and WT mice by a modification of the method described by David et al. (28, 29) Pups were killed by cervical dislocation, and long bones were dissected free from soft tissues and cut into small fragments. BM cells were released by gently pipetting the fragments in DMEM (Invitrogen, Carlsbad, CA, USA) supplemented with 100 IU/ml penicillin, 100 mg/ml streptomycin, 2 mM L-glutamine, and 10% FBS (Invitrogen). Cells were plated in culture dishes and allowed to attach for 24 h before nonadherent cells were removed by aspiration and extensive washing. In parallel, cells were plated on bone slices (Pantec, Torino, Italy). The total adherent cell fraction was cultured up to 7 days in the presence of For selected experiments, macrophages were purified from the BM by centrifugation on Ficoll and differentiated into osteoclasts by incubation for 10 days with 50 ng/ml recombinant human macrophage-colony stimulating factor (M-CSF; Preprotech, Rocky Hill, NJ, USA) and 1-120 ng/ ml recombinant human RANKL (Preprotech).
Cultures were fixed with 3% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.2), and TRACP activity was detected histochemically using Sigma-Aldrich kit no. 387A (Sigma-Aldrich), according to the manufacturer's instructions. Osteoclasts were also differentiated as described on bone slices and fixed in 3% paraformaldehyde in 0.1 M cacodylate buffer. Cells were removed by ultrasonication in 1% sodium hypochlorite, and slices were stained with 0.1% toluidine blue. Pits were counted and grouped in three visual categories: small (diameter < 10 mm), medium (diameter, 10-30 mm), and large (diameter > 30 mm) with the aid of a graduated eyepiece. The number of pits per each category was scored by multiplying by 0.3 for the small pits, by 1 for the medium pits, and by 3 for the large pits. The sum of the three scores gave the pit index. (30) Primary osteoblast cell cultures Calvariae were removed from 5-to 7-day-old b-arrestin2
and WT mice, cleaned free of soft tissues, and digested three times with 1 mg/ml Clostridium histolyticum type IV collagenase (Sigma-Aldrich) and 0.25% trypsin (Beckton-Dickinson, Sparks, MD, USA), for 20 min at 378C with gentle agitation. Cells from the second and third digestions were plated and grown in standard conditions, in DMEM plus 10% FBS. At confluence, cells were trypsinized by standard procedures and plated according to the experimental protocol. These cells expressed the osteoblast markers alkaline phosphatase, Runx-2, PTH/PTHrP receptor, type I collagen, and osteocalcin. (31) 776 PIERROZ ET AL.
b-arrestin2 and RANK-L RNA silencing
Osteoblasts obtained as above were grown in standard conditions (DMEM + 10% FBS) until confluence, and then cells were trypsinized and transfected with 2 mg siRNAs for b-arrestin 2 or for RANKL (M-041022-00 and M-050280-00; Thermo Scientific Dharmacon, Chicago, IL, USA) or with control siRNA (nontargeting pool, D-001206-13; Thermo Scientific Dharmacon). Transfections were carried out using a ''nucleofector kit'' (Basic Nucleofector kit, VPI-1003; Amaxa Biosystems, Gaitherburg, MD, USA) in the ''AMAXA nucleofector device'' according to the manufacturer's instructions (model II S; Amaxa Biosystems).
RT-PCR and real-time RT-PCR
From cells, total RNA was extracted using the Trizol procedure (Invitrogen). One microgram of RNA was reverse transcribed using M-MLV reverse transcriptase, and the equivalent of 0.1 mg was used for the PCR reactions. For the comparative real-time PCR, the Brilliant SYBR green QPCR master mix (Stratagene, Cedar Creek, TX, USA) was used. PCR conditions and primer pairs (Invitrogen) used were as follows: Analysis of the real-time data was performed using MxProQPCR software (Stratagene). Briefly, mRNA expression from each gene of interest was normalized for the housekeeping gene Gapdh using CT (cycle threshold) values. Normalized data were expressed as fold increase or decrease versus the control, whose value was fixed at 1.
From bone tissue, total RNA was extracted from the femur diaphysis, after flushing of the BM. The diaphysis was homogenized in pegGOLD Trifast (peQLab Biotechnologies, Erlangen, Germany) and purified on minicolumns (RNeasy Mini kit; Qiagen, Hombrechtikon, Switzerland) in combination with a deoxyribonuclease treatment (RNase-free DNase Set; Qiagen). Singlestranded cDNA templates for quantitative real-time PCR analyses were carried out using SuperScript II Reverse Transcriptase (Invitrogen, Basel, Switzerland) following the manufacturer's instructions. Quantitative RT-PCR was performed using predesigned TaqMan Gene Expression Assays, made of two unlabeled primers and a FAM dyelabeled TaqMan MGB probe, and the corresponding TaqMan Universal PCR Master MIX (Applied Biosystems, Rotkreuz, Switzerland). cDNA was PCR amplified in a 7900HT SDS System, and raw threshold-cycle (Ct) values were obtained from SDS 2.0 software (Applied Biosystems). Relative quantities (RQs) were calculated with the formula RQ = E 2 Ct using an efficiency (E) of 2 by default. For each gene, the highest quantity was arbitrarily designed a value of 1.0. The mean quantity was calculated from triplicates for each sample, and this quantity was normalized to the similarly measured mean quantity of the b2-microglobulin gene. Normalized quantities were averaged from three to four animals.
Determination of soluble RANKL, OPG, and interleukin-6 in conditioned media by ELISA Soluble RANKL, OPG, and interleukin (IL)-6 were quantified in conditioned media using the R&D System ELISA kits MTR00, MOP00, and M6000B, respectively, according to the manufacturer's instructions (R&D System, Minneapolis, MN, USA).
In vivo studies
Ovariectomy experiment: Fifteen-week-old WT and barrestin2 2/2 mice were ovariectomized (OVX) or not (Sham) under ketamine (120 mg/kg)/xylazine (16 mg/kg) anesthesia (Ketasol 50; Dr Graub, Bern, Switzerland and Rompun 2%; Provet, Lyssach, Switzerland, respectively). OVX mice were allowed to lose bone for 8 wk and were pair-fed to the sham group.
Low Ca diet experiment: Sixteen-week-old male WT and b-arrestin2 2/2 mice, which had been raised on identical diets, were switched to one of two experimental diets that differed only in calcium content (Harlan Teklad, Madison, WI, USA): low calcium (0.02% Ca) or control (0.6% Ca). Mice were maintained on the diet for 4 wk.
PTH treatment: Sixteen-week-old female WT and barrestin2 2/2 mice were treated for 7 days with hPTH(1-34) (80 mg/kg/d; Bachem, Bubendorf, Switzerland) continuously by osmotic minipumps (Alzet pump 1007D; Charles River Laboratories, L'Arbresle, France), intermittently with daily subcutaneous injections of hPTH(1-34) (80 mg/ kg/d) or vehicle.
BMD and bone morphology
We evaluated total body, spine, and femoral BMD (g/ cm 2 ) in vivo using DXA (PIXImus; GE-Lunar, Madison, WI, USA). We assessed trabecular and cortical bone architecture using mCT (mCT40; Scanco Medical, Basserdorf, Switzerland), using a 12-mm isotropic voxel size. Specifically, trabecular bone architecture was evaluated at the fifth lumbar vertebra and distal femoral metaphysis, whereas cortical bone morphology was evaluated at the femoral midshaft, as previously described. (24, 25) Morphometric parameters, including bone volume fraction (BV/ TV, %), trabecular number (TbN, mm 21 ), trabecular thickness (TbTh, mm), and trabecular separation (TbSp, mm) were computed without assumptions regarding the underlying bone architecture. (32) At the femoral midshaft, 50 transverse CT slices were obtained and used to compute the total area (TA, mm 2 ), cortical bone area (BA, mm 2 ), medullary area (MA, mm 2 ), cortical thickness (CortTh, mm), and bone area fraction (BA/TA, %).
Biochemical determinations
Serum TRACP5b, osteocalcin, and PTH were measured according to manufacturers' instructions (SBA Sciences, Turku, Finland; Biomedical Technologies, Stoughton, MA, USA; and Immunotopics, San Clemente, CA, USA, respectively).
Histology
Femurs were embedded in methylmethacrylate (Merck), and 5-mm-thick sagittal sections were cut with a Polycut E microtome (Leica Microsystems, Glattbrugg, Switzerland) and were stained with modified Goldner's trichrome. Histomorphometry measurements were performed on the secondary spongiosa of the distal femur metaphysis using a Leica Q image analyzer at 340 magnification, where osteoclast and osteoblast numbers were counted and expressed according to standard formulas and nomenclature. (33) Statistical analysis A two-factor ANOVA was used to assess the effect of low calcium diet, OVX, or PTH and b-arrestin2 deficiency on skeletal morphology or gene expression. As appropriate, posthoc testing was performed using Fisher's protected least squares difference (PLSD). All tests were two-tailed, with differences considered significant at p < 0.05. Data are presented as mean ± SE, unless otherwise noted.
RESULTS
Increased osteoclastogenesis from BM cultures of b-arrestin2
2/2 mice
We first studied the role of b-arrestin2 on osteoclast development by comparing in vitro BM cultures of barrestin2 2/2 and WT mice in plastic dishes. We have previously reported that b-arrestin1 gene expression was not overexpressed in b-arrestin2 2/2 cells. (24) We first confirmed that b-arrestin2 was expressed in WT osteoclasts (Fig. 1A) . Whereas osteoclastogenesis was similar in cultures from b-arrestin2 2/2 compared with WT mice, as judged by the number of TRACP + multinucleated cells, stimulation by PTH and vitamin D 3 led to significantly more osteoclasts in b-arrestin2 2/2 compared with WT, vitamin D 3 being more potent than PTH (Fig. 1B) . Of note, a nonsignificant trend for larger b-arrestin2 2/2 osteoclasts compared with WT was noticed (nuclei/cell in WT: 6 ± 0.8, nuclei/cell in b-arrestin2 2/2 : 9 ± 0.9, number of evaluated cells/genotype = 10, p = nonsignificant). Furthermore, bone resorption assays showed no change in bone resorption index in b-arrestin2 2/2 osteoclast cultures relative to WT cultures treated with PTH (Fig. 1C) , indicating that the major effect of PTH is on osteoclast differentiation rather than on osteoclast activity. Similar results were obtained from marrow cultures of b-arrestin2 2/2 and WT mice cultured on bone slices (data not shown).
BM cultures contain osteoclast precursors and stromal cells as a source of osteoclastogenic cytokines. To assess whether the enhanced osteoclastogenesis from b-arrestin2 2/2 mice was secondary to an increased expression or production of critical cytokines or resulted from some intrinsic property of the osteoclast precursors themselves, we measured RANKL in the conditioned media of PTHtreated cultures. In these conditions, significantly more RANKL protein was released in b-arrestin2 2/2 compared with WT BM cultures, whereas OPG level was decreased, thus resulting in a higher RANKL/OPG ratio ( Fig. 2A) . IL-6, another important mediator of bone turnover, was also increased by PTH, although not significantly in both b-arrestin2 2/2 and WT osteoclast cultures ( Fig. 2A) . Realtime RT-PCR of RNAs from primary osteoblasts further showed a significant increase of RANKL mRNA in b-arrestin2 2/2 cultures, leading to a significant increment of the 2/2 mice were differentiated for 7 days plated in the presence of 100 nM PTH. At the end of incubation, cells were trypsinized and replated in equal number on bone slices to allow osteoclast adhesion and resorption. Cells were removed and stained with toluidine blue. Resorption pits were counted, and the pit index was evaluated. Results are the mean ± SE of three independent experiments.
778
PIERROZ ET AL.
RANKL/OPG mRNA ratio in b-arrestin2 2/2 mice compared with WT (Fig. 2B) . To further confirm that these effects were caused by the absence of b-arrestin2, we silenced b-arrestin2 in WT osteoblast cultures. Real-time PCR showed a decrease of b-arrestin2 mRNA by 80% relative to osteoblasts treated with control siRNA (Fig.  3A) . In these conditions, sRANKL release was increased, whereas OPG release was decreased, resulting in a higher RANKL/OPG ratio. These data reproduced the results observed in b-arrestin2 2/2 mice (Fig. 3B ). To show that increased RANKL/OPG ratio in the b-arrestin2 2/2 cultures was responsible for increased osteoclastogenesis, PTH-stimulated BM cultures were further treated with an excess of OPG. Figure 2C shows a decrease in osteoclast formation in b-arrestin2 2/2 cultures in these conditions, which became not different from WT, indicating that osteoclastogenesis in b-arrestin2 2/2 BM cultures was indeed secondary to an increase in RANKL availability. To confirm these data, b-arrestin2 2/2 cultures were transfected with siRNA against RANKL, which produced a decrease of 90% of RANKL mRNA (Fig. 3C) . Stimulation by PTH did not increase osteoclastogenesis in these cells (Fig. 3D) , replicating the data obtained with an excess of OPG. Recently, it has been shown that b-arrestin2 inhibits NF-kB. (34) Because RANK is the receptor activator of NF-kB, and b-arrestin2 was expressed in WT osteoclasts (Fig. 1A) , this raised the possibility that RANK activity in osteoclasts could be altered in b-arrestin2 2/2 cells. To test this hypothesis, BM macrophages were purified and induced to differentiate into osteoclasts by treatment with M-CSF and increasing concentrations of RANKL. As shown in Fig. 2D , b-arrestin2 2/2 and WT cultures produced similar numbers of osteoclasts at all RANKL concentrations tested. Altogether, these data indicate that increased osteoclastogenesis is caused by increased RANKL gene expression and altered RANKL versus OPG concentrations in the BM environment in b-arrestin2 2/2 mice but not to an altered response to RANKL.
Effects of low calcium diet on bone microarchitecture and bone turnover in b-arrestin2 2/2 mice
To assess the implication of an increase in RANKLmediated osteoclastic response in the absence of barrestin2 in vivo, we placed adult male b-arrestin2 2/2 and WT mice on a low calcium diet (Ca 0.02%) for 4 wk. Compared with regular diet (Ca 0.6%), low calcium diet
FIG. 2. (A) BM cells from WT and b-arrestin2
2/2 mice were cultured for 7 days in the presence of 100 nM hPTH(1-34). Conditioned media were harvested, and RANKL, OPG, and IL-6 proteins were detected by ELISA. *p < 0.05, **p < 0.001, # p < 0.005. (B) Osteoblasts from WT mice were cultured in standard conditions and treated with 100 nM PTH. After 7 days of treatment, RNA was extracted, reverse transcribed, and subjected to real-time RT-PCR for the indicated genes. Results were expressed as fold-increase of b-arrestin2 2/2 mice were purified by centrifugation on Ficoll and treated with 50 ng/ml M-CSF and the indicated concentrations of RANKL for 10 days. At the end of incubation, osteoclast formation was assessed as described in Fig. 1B . Results are the mean ± SE of three independent experiments.
OSTEOCLASTOGENESIS IN b-ARRESTIN2
2/2 MICEdramatically increased PTH levels in both WT and barrestin2 2/2 (p diet = 0.017; Table 1 ). In WT, serum osteocalcin and TRACP5b did not change (213% and 219%, respectively) with regular diet during the 4 wk of the experiment, whereas in b-arrestin2 2/2 mice, osteocalcin significantly decreased (224%), but TRACP5b significantly increased (+41%; Table 1 ). A low calcium diet significantly increased osteocalcin in WT and b-arrestin2 2/2 (p diet < 0.001; Table 1 ) and maintained TRACP5b baseline levels in the former. In b-arrestin2 2/2 , however, low calcium diet increased TRACP5b significantly more than in WT (Table  1 ; Fig. 4 ).
In these conditions of secondary hyperparathyroidism and increased bone turnover, total body BMD decreased in b-arrestin2 2/2 and WT, but the difference in response between WT and b-arrestin2 2/2 did not reach statistical significance (Table 2 ). Similar patterns were seen for changes in spine and femur BMD by DXA. Low Ca diet deteriorated trabecular architecture so that bone volume fraction (BV/ TV) and TbN were significantly decreased and TbSp was significantly increased in the distal femur of WT and barrestin2 2/2 mice. However, at the lumbar spine, loss of TbN and increase in TbSp reached significance in b-arrestin2 2/2 mice were cultured in standard conditions until confluence, trypsinized, and nucleofected with siRNA for RANKL or with control siRNA, and then co-cultured with WT monocytes (previously treated with 50 ng/ml M-CSF for 4 days) in the presence of 100 nM hPTH . After 48 h of co-culture, osteoclast formation was assessed. Results are the mean ± SE of three independent experiments. *p = 0.0001. 
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area, bone area fraction (BA/TA), and cortical thickness were significantly decreased in b-arrestin2 2/2 fed with the low calcium diet but not in WT mice (Table 2 ). However, there was no difference between the two genotypes fed the low calcium diet.
These findings indicate that the absence of b-arrestin2 exaggerated the bone remodeling effects of a low calcium diet, and these effects were most prominent in cortical bone, in keeping with known effects of continuous high PTH on this compartment.
Effects of PTH on Eph and Efn gene expression in bone
We next hypothesized whether the increased bone remodeling observed in b-arrestin2 2/2 mice exposed to the low calcium diet/high levels of PTH could be associated with dysregulations of Eph and Efn gene expression. For this purpose, WT and b-arrestin2 2/2 mice were continuously or intermittently treated for 7 days with PTH at 80 mg/kg/d, and gene expression was assessed on the femur diaphysis. Compared with vehicle, continuous PTH did not modify the gene expression of any Eph and Efn tested in WT mice. In contrast, in b-arrestin2 2/2 mice, PTH significantly downregulated the expression of all the Eph and Efn measured (Fig. 5) . Intermittent PTH significantly increased the gene expression of EfnB1, EphB2, and EphB3 compared with vehicle in WT mice, whereas in b-arrestin2 2/2 mice, only EphA4 gene expression was decreased by intermittent PTH. These data indicate that the absence of b-arrestin2 decreased the gene expression of Eph and Efn induced by continuous PTH in cortical bone, consistent with a reduction of the bidirectional signaling between osteoblasts and osteoclasts favoring osteoclastogenesis on osteoblastogenesis.
Effects of ovariectomy on bone morphology and bone turnover in b-arrestin2 2/2 mice
To test whether the increase in bone remodeling observed in b-arrestin2 2/2 mice was specifically caused by a low calcium/high PTH or could be induced by other proresorptive conditions, b-arrestin2 2/2 and WT mice were OVX. After 8 wk, OVX caused significant BMD loss at the total body in WT and at spine in b-arrestin2 2/2 compared with sham (Table 3) .
Trabecular microarchitecture was more affected in barrestin2 2/2 than WT at lumbar spine and femoral metaphysis. After OVX, vertebral BV/TV, TbN, and TbTh were decreased and TbSp was increased compared with Sham in b-arrestin2 2/2 mice, whereas only TbTh was significantly decreased in WT. Furthermore, OVX b-arrestin2 2/2 mice had significantly less trabeculae (TbN) than OVX WT. Similar observations were made at the distal femur (Table 3) . At the femoral midshaft, OVX induced a modest decrease of BA/TA and cortical thickness, but these changes were not different between WT and barrestin2 2/2 mice (Table 3) . Histomorphometry indicated that, after OVX, osteoclast number per bone area (OcN/BA) was significantly higher 
DISCUSSION
By analyzing the skeletal response of b-arrestin2 2/2 mice to a low calcium diet and OVX, we confirmed and expand our previous findings for a role of b-arrestin2 in the regulation of trabecular and cortical bone remodeling. (24, 25) Hence, a low calcium diet produced a more severe cortical bone phenotype in b-arrestin2 2/2 mice compared with their WT littermates (i.e., a significant decrease of midfemoral cortical bone area and cortical thickness). Estrogen deficiency, on the other hand, affected the cancellous bone of b-arrestin2 2/2 more prominently than WT mice, with decreased trabecular number and bone volume fraction in the vertebrae and distal femur. These data indicate that the microarchitecture of b-arrestin2 2/2 mice was more sensitive to hormonal influences and that the specific compartment where these differences become most prominent further depends on the bone remodeling stimulus. These findings may be relevant to the pathophysiology of bone loss in humans, where menopause first causes a disproportionate loss of cancellous bone, (35) whereas hyperparathyroidism causes mostly cortical porosity and thinning. (27) We report here several lines of evidence to support a direct influence of b-arrestin2 on osteoclast development and bone resorption: (1) TRACP5b was higher in b-arrestin2 2/2 fed a low calcium diet compared with WT; (2) osteoclast number was increased post-OVX in b-arrestin2 2/2 versus WT; (3) Efn and Eph gene expression was decreased in cortical bone of b-arrestin2 2/2 mice; and (4) osteoclastogenesis was enhanced in BM cultures of b-arrestin2 2/2 mice. Furthermore, PTH-stimulated osteoclastic activity was increased in b-arrestin2 2/2 cells. Previous studies using mouse stromal cells, osteoblasts, and calvaria organ cultures have shown that bolus or continuous administration of PTH increase RANKL and decrease OPG expression, (7, 36, 37) whereas exposure to intermittent PTH has opposite effects. (24) In primary osteoblasts from mouse calvariae, moreover, we reported that short exposure to PTH increased OPG mRNA in WT cells but not in b-arrestin2 2/2 cells. (24, 25) Now we show that not only the RANKL/OPG gene expression ratio but also their protein ratio was higher in the conditioned medium of b-arrestin2 2/2 BM cultures. In turn, prominent osteoclastogenesis in the latter was entirely dependent on this excess of RANKL, because it was completely inhibited by exogenous OPG. However, whether the cleavage of RANKL would be altered in b-arrestin2 2/2 mice is thus far unknown. RANKL is regulated at the transcriptional levels by protein kinase A (PKA) activators such as PTH. Furthermore, it has recently been shown that cAMP response element-binding proteins (CREB)-mediators of PKA-were present in upstream regulatory 
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elements of the RANKL gene. (38) Thus, it is tempting to speculate that, in the absence of b-arrestin2, accumulating cAMP (14) in response to PTH directly stimulates RANKL gene expression, leading to increased RANKL secretion and increased bone remodeling in b-arrestin2 2/2 mice fed a low calcium diet.
In contrast, the response of osteoclasts to RANKL itself was not altered. This observation was slightly surprising because not only did we find b-arrestin2 to be expressed in osteoclasts, but it has also been reported that overexpression of b-arrestin2 inhibits NF-kB activity by binding the inhibitor IkBa, although b-arrestin2 deficiency did not increase NF-kB activity. (34) Similar to high PTH, estrogen depletion increases RANKL expression and stimulates RANKL-induced differentiation of osteoclast precursors through an estrogen receptordependent mechanism. (6) BM mononuclear cells from postmenopausal women have more RANKL at their surface compared with cells from premenopausal women, and RANKL level is correlated with markers of bone turnover. (9) It remains possible therefore that enhanced RANKmediated NF-kB activity could partly explain the increased osteoclastic response to estrogen deficiency in b-arrestin2 2/2 mice.
In conclusion, we showed that b-arrestin2 controls RANKL-dependent osteoclastogenesis in vitro, which results in PTH-dependent and -independent bone resorption decreases in vivo. Furthermore, we provided data indicating that b-arrestin2 is involved in the regulation of the ephrins. These findings provide new insights into the molecular mechanisms underlying the regulation of bone remodeling by systemic hormones and their local mediators.
